Background and Objectives: This study aimed to evaluate stress in the surrounding jaw bone due to root proximity of orthodontic mini-implant, using three-dimensional finite element method (FEM). Materials and Methods: Three FEM models with different locations of mini-implants were designed and classified according to their proximity to the molar root: Category I: Screw was separate from the root (about 1 mm away), Category II: Part of the screw thread was embedded in the periodontal membrane, Category III: Part of the screw thread touches the root. Each screw was inserted at 30° mesial to mandibular molar and traction force of 2N was applied to it at 45°. Stresses in the cortical bone surrounding implant were determined. Results: Mini-implant which was separate from the root showed least amount of stresses within the bone as compared to the implants in the other two categories. The pattern of stress distribution was concentrated near the neck of the mini-implant (at the point of entry into the bone), away from the direction of force application. Interpretation and Conclusion: Stresses in the bone decrease as the distance of the orthodontic mini-implant relative to the root increases. This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike 3.0 License, which allows others to remix, tweak, and build upon the work non-commercially, as long as the author is credited and the new creations are licensed under the identical terms.
IntRoductIon
Anchorage control can be among the greatest challenges for an orthodontist during treatment. Proficient accomplishment and control of anchorage is one of the fundamental keys to success in a comprehensive orthodontic treatment. Taking anchorage limitations into consideration, many a times, we may have to opt for compromised treatment substitute or more intricate alternatives such as extraoral anchorage devices (which profoundly depend on patient's acquiescence) or orthognathic surgery. [1] Orthodontic mini-implants are currently in vogue as these devices can provide excellent absolute anchorage with minimal patient cooperation and they are a prerequisite where anchorage elements compromise in quantity or quality, and when extraoral devices are not viable.
The use of mini-implants for orthodontic anchorage has gained popularity in the last decade or so. These mini-implants are especially fabricated for orthodontic rationale, being small enough for insertion at any region of the alveolar process, including the interdental areas. Techniques for their insertion and retrieval are undemanding and they are fairly inexpensive. [2] Diverse tooth movements such as anterior teeth retraction, intrusion, uprighting, and distalization of posterior teeth can be achieved efficiently without detrimental reciprocal movements using mini-implants as anchorage units. [1] [2] [3] In the face of these advantages, mini-implants endure an increased likelihood of potential failure, owing to factors such as the amount of force applied, possible injury to anatomical structures such as tooth roots, nerves, and blood vessels, mini-implant's design, possibility of mini-implant breakage during insertion and removal, quality of the cortical bone, and mini-implant failure owing to peri-implant inflammation. [4] [5] [6] [7] [8] [9] [10] [11] [12] Effect of root proximity of orthodontic mini-implant on bone stress: A dimensional finite element analysis
Stress evaluation of endosseous mini-implants is crucial for analysis of bone turn over and utmost anchorage success. Erroneous placement or loading of mini-implant may bring about disturbed osseous turn over and subsequent implant loss. [13] [14] [15] Since clinical evaluation of distribution of stress and strain in the bone is unfeasible, an alternative modus operandi should be incorporated.
Three-dimensional (3D) finite element method (FEM) with its unique ability to model geometrically complex structures proposes a feasible and noninvasive substitute for the analysis of stress and strain distribution. [16] [17] [18] Loosening of the mini-implant may be associated to its preliminary stability that is governed by principal factors such as proximity to root, thread-ridge size, diameter, length and pitch of the screw, and presence of abutment. Although placement location of the mini-implant is considered one of the most critical factors for its initial steadiness, not many investigations regarding it have been performed. [7, 13] Therefore, the present study was aimed to evaluate the effect of root proximity of orthodontic mini-implant on peak effective stress in the contiguous jaw bone using 3D FEM.
MateRIals and Methods

Source of data
• FEM model with mini-implant (1.6 mm diameter, 0.2 mm height of the thread ridge, 0.5 mm pitch, and length 8 mm), mandibular first molar with 0.25 mm periodontal ligament thickness in the 2 mm thick cortical mandibular bone [ Figure 1 ] [19] • 
Method of compilation of data
It was imperative for the tentative FE model to simulate the original as precisely as possible in anatomical form and dimension, in physical characteristics and quantities, and boundary conditions. FE analysis is a prevailing computer simulation tool in unraveling stress-strain problems in the engineering technicalities of solids and structures. The boundary conditions and forces are defined to replicate applied loads and configuration of the structure. The resultant structural response is computed and displayed.
Preparation for finite element method
FE models of mini-implant and lower first molar in the mandibular bone were constructed. Upon auto meshing, each element was allocated material properties (Young's modulus and Poisson's ratio) corresponding to physical properties of the FE models. Insertion location was alleged to be 1.0 mm mesial to lower first molar, and the mini-implant was angulated 30° based on a morphometric research. [20] The diameter of the mini-implant in this study was arbitrarily designed to be 1.6 mm (narrow enough to be placed in between the roots of neighboring teeth but broad enough to avoid fracture).
The pitch of the screw and the height of the thread ridge were fixed to 0.5 mm and 0.2 mm, respectively, and a segment of the thread shape was prepared as an equilateral triangle to stabilize the factors. As the mini-implant was assumed to be located in the thick cortical bone region in the mandible, the length was fixed to 8 mm. According to the proximity to root surface of the mini-implant, three 3D FEM models were prepared.
• Category I: Screw was separate from the root (about 1mm away) • Category II: Part of the screw thread was embedded in the periodontal membrane • Category III: Part of the screw thread touching the root.
Methodology
The mini-implant and each component of mandibular first molar, i.e., the tooth material, periodontal ligament, cortical and cancellous bone were meshed by means of an auto-meshing routine ANSYS version 11. Both bone and the mini-implant were assumed to be homogenous, linearly elastic, and isotropic. The implant was considered to be of wholesome titanium material. The friction and gap elements among the mini-implant, root elements, and periodontal membrane were supposed to be negligible in all the FE models. 2N experimental orthodontic traction force was directed to the head of the mini-implant at 45° to horizontal plane (resolved into x, y, and z co-ordinates) [ Figure 2 ].
Each FE model comprised 164,000 nodes and 35,200 elements approximately. Appraisal of the stresses on bone elements was undertaken by means of Von Mises equivalent stress that is valuable for evaluating the stress distribution. Table 1 illustrates the material properties [21] of the elements in the FE models.
Results
Tables 2 and 3 present beneath provide an overall general view to the results of the present study. The paramount magnitude of overall Von Mises stresses has been shown in Table 2 and maximum stresses in the cortical bone close to mini-implant have been tabulated in Table 3 .
Figures 3-5 illustrate the output consequences of the FE structural analysis, displayed in multicolored contours. Gamut of dissimilar color bands on the right of the figure designates the level of stress distribution and stress pattern in the bone on applying 2N trial orthodontic force when three FE models of mini-implant were inserted in the posterior mandibular section.
It can be appreciated from the prior figures and tables that the mini-implant separate from the root (Category I) displayed minimum stresses in the bone on comparison with the mini-implants in Categories II and III. The mini-implant embedded in the periodontal membrane had a higher maximum stress values when compared to the implant placed 1 mm away from the molar root. The highest values of maximum stress were seen with the mini-implant touching the root surface.
Finally, the two bar diagrams [Figures 6 and 7] are presented depicting the affiliation between the root proximity and the cortical bone stresses and overall Von Mises' stresses when the implants were laden with experimental orthodontic force of 2N. It can be appreciated from these bar diagrams that overall stresses and maximum stresses in the bone decrease as the implant root distance increases and vice versa.
dIscussIon
Among the commercially accessible mini-implants, clinicians have to select the implant that best suits their needs. A number of factors such as the site of implant placement, design of the mini-implant, angle of insertion, the quantity and type of bone, and orthodontic load application must be taken into consideration while doing this for the longer endurance and success of the implant.
Stress distribution
The FE models of Category I, II, and III showed the overall Von Mises' stresses (Mpa) of 10.956, 22.904, and 28.129; and the cortical bone stresses (Mpa) of 3.287, 4.065, and 8.08, respectively.
Mini-implant 1 mm away from the molar root showed the minimum amount of stresses within the bone as compared with the implants in contact with the periodontal membrane and the root surface. The mini-implant embedded in the periodontal membrane had a higher maximum stress values when compared to the implant separate from the molar root.
The uppermost values of maximum stress were noticed with the mini-implant touching the root surface.
The prototype of stress distribution is concentrated close to the neck of the mini-implant, i.e., at the point of ingress of A FE study [13] by Motoyoshi et al. was conducted to evaluate the primary stability of the mini-implant and the stress distribution in the bone when implant was placed close to the root and to find the causes of its high failure rate in the mandible. The effect of cortical bone thickness was evaluated using values of 1, 2, and 3 mm. A vertical load of 300N was applied to the occlusal surface of first molar to represent the occlusal force on it in normal function. It was found that bone stress increased as the distance between the implant and root decreased and the stress for a cortical bone thickness of 2 mm was larger than that for 1 or 3 mm, thus explaining the high failure rate in the mandible.
Another study [7] by Kuroda et al. was done using radiographs and 3D computed tomography (CT) scans to investigate root proximity as a risk factor for the failure of mini screws used as orthodontic anchorage in both maxilla and mandible.
If the orthodontic force could be applied to the screw for 1 year (or until completion of orthodontic treatment), the screw anchorage was recorded as a success. It was suggested that sufficient bone remodeling does not occur around screws that are in contact with root and the occlusal forces which are transmitted through the tooth to the screws in proximity, promote implant failure.
In our 3D FEM study, we applied experimental orthodontic traction force of 2N on the head of the mini screw at 45° to horizontal and kept the thickness of cortical bone constant with the larger part of implant being surrounded by cortical bone. The results are found to be collaborating with the conclusions in the above-mentioned studies. The stress decreased as the distance of mini-implant from the root surface increased. The results showed a similar relation between the proximity of the root and the maximum stress on the bone. situations, for instance, the utilization of a CT scan for creation of the tooth and bone model, using diverse models designed for numerous tooth movements, etc. Hence, supplementary research studies on this subject can be carried out as it would clarify the mystification surrounding the mini-implants and counter any unsolved enigma regarding their applications for bringing about efficient orthodontic tooth movement.
conclusIon
The subsequent conclusions can be drawn from this FEM study:
• Maximum stresses in the bone tend to decrease as the distance of the mini-implant from the root increases and vice versa • Stress distribution pattern was concentrated near the neck of the mini-implant at the point of its entry into the bone, away from the direction of tractional force application • It is advisable to use a mini-implant placed away from the neighboring root to decrease the level of stresses generated in the bone so that it endures more orthodontic forces during treatment.
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